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ABSTRACT
A technique is described for measuring electrical currents in the solar corona.
It uses radioastronomical polarization measurements of a spatially-extended radio
source viewed through the corona. The observations yield the difference in the
Faraday rotation measure between two closely-spaced lines of sight through the
corona, a measurement referred to as differential Faraday rotation. It is shown
that the expression for differential Faraday rotation is proportional to the path
integral
∮
n~B · ~ds where n is the plasma density and ~B is the coronal magnetic
field. The integral is around a closed loop (Amperian Loop) in the corona. If the
plasma density is assumed roughly constant, the differential Faraday rotation is
proportional to the current within the loop, via Ampere’s Law. A very similar
technique has been used in plasma fusion devices as a diagnostic of the current
in the machine. The method is illustrated with observations of the radio source
3C228 with the Very Large Array (VLA) in August, 2003. A measurement of a
differential Faraday rotation “event” on August 16, 2003, yields an estimate of
2.5× 109 Amperes in the Amperian Loop. A smaller event on August 18 yields
an enclosed current of 2.3 × 108 Amperes. The implications of these currents
for coronal heating are explored. It is concluded that these currents are not
important contributors to the volumetric heating rate in the corona unless the
resistivity exceeds the Spitzer value by about six orders of magnitude.
Subject headings: Sun:corona—Sun:magnetic fields—plasmas
1. Introduction
Electrical currents certainly flow in the solar corona. The structure seen in eclipse
photographs or coronagraph images shows that pressure gradients must be balanced by elec-
trodynamic forces. Although information on the strength and form of the coronal magnetic
field is limited, it is clear that the true field is deformed from the potential field generated
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by a magnetic scalar potential. This difference is due to the presence of electrical currents.
In addition, there is a class of theories for heating of the solar corona which invoke Joule
heating from coronal currents, probably contained in turbulent current sheets. This idea
originated with Parker (1972), and has been elaborated in many subsequent works (see, for
example, Gudiksen and Nordlund 2005).
Observational measurements of coronal currents appear to be nonexistent. In fact, es-
timates of the coronal magnetic field itself are limited to results from Faraday rotation of a
trans-coronal radio source and analysis of radio emission from solar flares (Bird and Edenhofer
1990). There is a literature on results from Faraday rotation observations of the large
scale structure of the coronal field, as well as magnetic field inhomogeneities on a wide
range of scales. Examples of such papers, which give references to the wider literature
are Hollweg et al (1982); Bird and Edenhofer (1990); Mancuso and Spangler (1999, 2000);
Spangler (2005) and Ingleby et al (2007).
In this paper, I discuss how Faraday Rotation measurements can also provide an obser-
vational estimate of electrical currents in the corona. The technique requires measurements
of differential Faraday Rotation (Spangler 2005), which is the difference in the Faraday ro-
tation measure between two closely-spaced lines of sight through the corona. As discussed in
the previously cited papers, a Faraday Rotation measurement yields the rotation measure,







ne ~B · ~dz (1)
The fundamental physical constants of e,me, c, and ǫ0 are, respectively, the fundamental
charge, the mass of an electron, the speed of light, and the permittivity of free space. The
electron density in the plasma is ne, and ~B is the vector magnetic field. The incremental
vector ~dz is a spatial increment along the line of sight, which is the path on which the radio
waves propagate. Positive z is in the direction from the source to the observer. The subscript
LOS on the integral indicates an integral along the line of sight. Equation (1) is in SI units,
as opposed to cgs, which has been used in our previous papers. The SI system is used in this
paper for convenience in discussing electrical currents. The units of the rotation measure
are radians/m2.
As will be discussed in Section 2, when the rotation measures on two (or more) closely-
spaced lines of sight are compared, one has an estimate of the electrical current between the
two lines of sight. Such multiple lines of sight are available when one images an extended
radio source (such as a radio galaxy or quasar) which is occulted by the corona. As is
discussed in some of the papers referenced above, such measurements are straightforward
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with the Very Large Array radiotelescope of the National Radio Astronomy Observatory1.
The organization of this paper is as follows. Section 2 describes the basis of the tech-
nique, i.e. how differential Faraday Rotation measurements can provide a measurement of
electrical currents in the corona. Section 3 provides an observational implementation of this
technique with Very Large Array observations of the radio source 3C228 in August, 2003
(Spangler 2005). In that section, it is shown that the total current contained with the Am-
perian Loop formed by the lines of sight was as high as 2.5 GigaAmperes during one period
on August 16, but less than 0.8 GigaAmperes during a 3 hour period of high quality data
before this event. A smaller detection of differential Faraday Rotation on August 18 yielded
a current of the order of 0.23 GigaAmperes. In Section 4, I discuss the implications of these
current measurements for coronal heating by Joule dissipation. Formulas are derived, but
a solid conclusion is prevented by a number of unknown parameters, most importantly the
effective resistivity in the corona. Finally, Section 5 summarizes and concludes.
2. Physical Basis of the Technique
The technique is based on simultaneous Faraday rotation measurements along two lines
of sight through the corona, which are separated by a small angular distance on the sky, and a
corresponding physical separation l in the solar corona. Such observations can and have been
made with the Very Large Array (VLA) of radio galaxies and quasars (Sakurai and Spangler
1994; Mancuso and Spangler 1999, 2000; Spangler 2005). A specific illustration is our
observation of the radio galaxy 3C228 on August 16 and August 18, 2003 (Spangler 2005;
Spangler et al 2007). As may be seen in Figure 2 of Spangler (2005), 3C228 is a double
radio source with bright, highly polarized hot spots separated by about 46 arcseconds on the
sky. The corresponding physical separation between the lines of sight to the two hot spots
in the corona is about 33,000 km. The observations of August 16 and August 18 were made
when the lines of sight passed within 6.7R⊙ and 5.2R⊙ of the center of the Sun, respectively.
A Faraday Rotation measurement of an extended radio source with two components is
illustrated in cartoon form in Figure 1(a). The radio telescope measures rotation measure
values RMA and RMB on the two paths which have a transverse separation l. The shaded
area is meant to represent the coronal plasma, with the gray scale conveying the strength and
sign of the current density. Black regions indicate regions of large positive current density,
1The Very Large Array is an instrument of the National Radio Astronomy Observatory. The NRAO
is a facility of the National Science Foundation, operated under cooperative agreement with Associated
Universities, Inc.
– 4 –
white areas are regions of large negative current density, and gray areas are regions of zero
current density. This picture is taken from numerical studies of current sheet development in
MHD turbulence (Spangler 1999). The differential Faraday Rotation is defined as ∆RM =
RMA−RMB. As is illustrated in Figure 1(b), ∆RM is equivalent to the sum RM1 +RM3,
where RM1 is the same as RMA, and RM3 is the same as RMB, but with the direction in
which the integration is taken being reversed, i.e. from the telescope to the source. The
value of ∆RM differs insignificantly from the sum of four terms, RM1+RM2+RM3+RM4,
as shown in Figure 1(c). The reason for this is that the contributions of terms RM2 and
RM4 are small compared to that of RM1 +RM3. There are two reasons for this. First, for
the circumstances of a real coronal observation, the length of the segments 2 and 4 is small
compared to 1 and 3. Second, these segments may be considered to be located far from the
point of closest approach to the Sun (taken to be the middle of the diagram in all three
panels), where both the plasma density and magnetic field strength are much smaller than
their values near the point of closest approach.
The net result then, is that the differential Faraday Rotation is given by
∆RM = RM1 +RM2 +RM2 +RM3 = C
∮
ne ~B · ~ds (2)
where the last expression represents a path integral around the closed Amperian Loop defined
by the segments 1,2,3, and 4 in Figure 1. The constant C is defined as C = e
3
8π2c3ǫ0m2e
Equation (2) strongly recalls Ampere’s Law, but the obvious difference is that in the
present case the integrand in (2) is not just the magnetic field, but the product of the
plasma density and the magnetic field. If we make the assumption that the measured ∆RM
is dominated by a region in which the plasma density is relatively uniform, and given by a
value n¯, then we have
∆RM = C
∮
ne ~B · ~ds ≃ Cn¯
∮
~B · ~ds (3)
and Ampere’s Law can be utilized. The remainder of this paper will assume the convenience
of equation (3).
It must be admitted that, at the moment, equation (3) is a pious hope rather than a jus-
tified approximation. It seems reasonable that use of this expression will give approximately
correct numbers for the current within the Amperian Loops defined by our observations.
The best argument for the validity of this approach is as follows.
The technique described above has been utilized as a diagnostic on the MST Re-
versed Field Pinch (RFP) at the University of Wisconsin by W.X. Ding and D.L. Brower
(Brower et al 2002; Ding et al 2003). In the case of the MST device, Ding and Brower
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use an infrared laser as the source of polarized radiation for measurement of Faraday Rota-
tion. Measurement of the rotation measure along spatially-separated paths is achieved by
directing the beam along distinct chords through the machine. Nonetheless, the physical
situation is virtually identical to that of the present paper, and the issue stated in equation
(3) is also confronted in the RFP. Although the MST has a richer array of diagnostics and
the control of a laboratory environment, which permits a number of levels of analysis, the
current profile in the machine can be retrieved by assuming that the density in the central
part of an RFP is relatively uniform. In this case, the simplification involved in (3) can be
made (Ding et al 2003). The inferred current profiles in the RFP, and their dependence on
time, are in agreement with theoretical predictions and the results from other diagnostics of
the plasma. Although it may be the case that the constant density assumption is a better
approximation in the case of the RFP machine than it is for the solar corona, it nonetheless
seems reasonable to continue, aware of the existence of assumption (3).
Given this approximation, we can now use Ampere’s Law,∮
~B · ~ds = µ0I (4)
where µ0 is the permeability of free space and I is the current contained within the Amperian
Loop. Use of equation (4) in equation (3) allows us to write an equation giving the coronal





where C is the set of constants defined following equation (2).
Use of equation (4) requires an estimate of n¯. Fortunately, there are a number of
empirical expressions for the coronal plasma density as a function of heliocentric distance.
For the purposes of this paper, we shall utilize the following expression (Spangler 2005),
which has been employed in previous analyses of Faraday Rotation observations, and is in
good agreement with independent estimates.






For purposes of simplifying the subsequent formulas, the index 2.36 will be rounded off to
2.5.
The density given by equation (6) would be the maximum that would be measured along
a line of sight with a dimensionless impact parameter R0 =
rmin
R⊙
, where rmin is the smallest
heliocentric distance along the line of sight. The density n¯ in equation (5) represents an
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average over the the Amperian Loop defined by the observations. Therefore, for a given
impact parameter R0, n¯ should be less that ne(R0) by some factor which is defined by
n¯ = αne(R0). With these parameterizations, substitution of (6) into (5) yields the formula
that will be used in Section 3,





The subscript “obs” on the current indicates that it is an estimate computed from observable
quantities. Before leaving this section, it is worthwhile to emphasize the fundamental fact
that the current given by eq(7) is the sum of all currents, positive and negative, within the
Amperian Loop. It is thus obviously possible for strong currents to be flowing, but the total
current given by eq(4) or eq(7) to be zero. This matter is discussed further in Section 4.
3. Observational Implementation and Estimates of Coronal Currents
I will use data from the VLA observations of 3C228 in August, 2003. Further details of
the observations and data analysis are given in Spangler (2005) and Spangler et al (2007).
The characteristics of the observations relevant to the present discussion are given at the
beginning of Section 2 of the present paper.
Figure 3 of Spangler (2005) shows the Faraday Rotation 2 time series for 3C228 on
August 16, 2003. The main feature of those observations was a large change in rotation
measure over the 8 hour duration of the observing session. The data shown there distin-
guished measurements of the Faraday rotation to three source components, the two hot spots
and a portion of the radio jet which lies between the hot spots (see Figure 2 of Spangler
2005). Similar data are available for observations of 3C228 on August 18 (Spangler et al
2007).
These data have been used to calculate time series of ∆RM for both observing sessions.
These data are shown in Figure 2, and are the differences in the rotation measures to the
two hot spots of 3C228. The values of ∆RM plotted have used the data at both frequencies
of observation, 1465 and 1665 MHz. In the case of the observations of August 18, 2003, only
data from the last 4 hours of the observing session are used. Prior to this time, elevated
system temperatures due to the proximity of the Sun caused a substantial loss in data quality.
2The rotation in the polarization position angle, which is the quantity measured. It is given by the
product of the rotation measure and the square of the observing wavelength.
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The most prominent signal in the data for either day is the “event” at 19h UT on
August 16. This was discussed in Spangler (2005) and evidence for its credibility is given in
Spangler et al (2007). The differential Faraday Rotation had a maximum absolute value of
6.52± 0.77 rad/m2 in the scan at 19h UT, and declined over the next two scans to a value
around zero.
The observations for August 18, when the line of sight passed closer to the Sun, show
no such prominent event. The final scan shows a marginally significant detection of ∆RM =
1.15± 0.42 rad/m2. Other measurements on this day are consistent with zero.
Returning to the data for August 16, the three hours prior to the 19h event show
measurements consistent with ∆RM = 0 ± 2 radian/m2. These data can be used to set a
significant upper limit to the current within the lines of sight. Data after 20h UT on August
16 appear to show significant ∆RM values, although with no indication of a systematic mean
value. I do not believe these data show good evidence for differential Faraday Rotation during
this interval, because the errors are calculated from a propagation of known radiometer noise
errors, and may (and probably do) underestimate the true errors due to solar interference.
The final observational point to be made is that the ∆RM event at 19h on August 16
occurred at a time when the rate of change of the rotation measure increased (see Figure
3 of Spangler 2005). As mentioned in that paper, the line of sight during this time was
moving deeper into a coronal streamer, so this feature may not typical of coronal properties.
In particular, it may reveal the system of currents associated with a streamer rather than a
network of current sheets as will be discussed in Section 4.
The above data can be used in eq (6) to obtain estimates for the electrical current. The
results are given in Table 1, in which results are given for 3 periods during August 16 and
18, 2003. In the calculations used here, I have assumed a value of α (defined above, just
prior to eq(7)) of 1
2
. In Table 2 I have used the absolute value of ∆RM , since its sign, and
the corresponding sign of I are not considered in this paper.
From Table 1 it can be seen that detectable differential Faraday rotation requires cur-
rents of 108 − 109 Amperes. Upper limits deduced from present radioastronomical observa-
Table 1. Results on Coronal Currents
Date UT Time (hours) ∆RM (rad/m2) I (Amperes)
Aug. 16 15.5 - 18.5 ≤ 2.0 ≤ 7.7× 108
Aug. 16 19.0 6.52± 0.77 (2.50± 0.30)× 109
Aug. 18 22.7 1.15± 0.42 (2.34± 0.86)× 108
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tions will then be in this range as well.
4. Implications for Coronal Heating
In this section, I discuss the implications of the results from Section 3 for coronal
heating. The presence of electrical currents indicates that Joule heating will occur as well.
I will calculate an estimate of the average volumetric heating rate of a system of currents
which could produce the observations discussed in Section 3.
This calculation will be highly model dependent, as well as dependent on assumptions re-
garding the nature of the current sheets. Since the subsequent discussion will introduce many
assumed parameters of the coronal current sheets, some of which are poorly constrained, I
will follow the once-common practice in physics and astronomy literature of including a
glossary of physical variables. This is contained in Table 2.
The following analysis assumes that the current is contained in a number of thin current
sheets within the Amperian Loop. A coordinate system is defined by having one axis (the z
axis) coincide with that of the large scale coronal magnetic field. I assume that the current
sheets are extended along the large scale field, as will be the case in quasi-2D magneto-
hydrodynamics (Zank and Matthaeus 1992). The current sheet properties have a different
dependence on the coordinate along the large scale field than on the coordinates in a plane
perpendicular to that field. I begin by assuming that one can define a “domain” which has
a scale Λ perpendicular to the large scale coronal magnetic field, and which contains a small
integer number N of current sheets. In the analysis which follows in Sections 4.1 and 4.2,
I will assume that all current sheets are identical. The current sheet properties which are
introduced are obviously to be understood as mean values from a distribution. In Figure
1, the shaded area illustrates a domain. The extend of the domain in the direction perpen-
dicular to the plane defined by Figure 1 is Λz = µΛ, with µ > 1. The current sheets have
a length Lc in the plane perpendicular to the large scale field, and a thickness given by tc.
The current sheet extension along the large scale field is given by Zc.
The picture which has been drawn so far is consistent with the original view of Parker
(1972). It is also consistent with results from studies of 2D MHD turbulence, which show
that turbulent evolution results in the formation of isolated, intense sheets of current and
vorticity. The development which follows is based on results from Spangler (1999), which
contains an extensive bibliography to the literature where these ideas were developed earlier,
most importantly Zank and Matthaeus (1992). Derivation of a heating rate based on a
turbulent model of the current sheets is contained in Section 4.1. In the case of current
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Table 2. Glossary of Current Sheet Characteristics
Variable Definition
Λ Transverse scale of a domain which contains a few current sheets
Λz Extent of domain along the large scale magnetic field
N Number of current sheets within one domain
j Current density within one current sheet (assumed uniform)
Lc Width of a current sheet
tc Thickness of a current sheet
Zc Extent of a current sheet along the large scale magnetic field
V Volume of a current sheet
VD Volume of a domain
E˙ Joule heating per current sheet (Watts)
E˙ Joule heating per domain, due to all current sheets
ǫ Domain-averaged volumetric heating rate
ǫT Domain-averaged volumetric heating rate for turbulent current sheets
ǫS Domain-averaged volumetric heating rate for like-signed current sheets
NT Total number of current sheets within the Amperian Loop defined by the experiment
I Electrical current per sheet
Iobs Total current within the Amperian Loop
l Transverse separation of two lines of sight in the corona
SLOS Effective line-of-sight depth of the coronal plasma
A Area of the Amperian Loop defined by the experiment
µ Anisotropy of the current sheets (scale length along magnetic field/scale length across field)
N+ Number of sheets with positive current density within Amperian Loop
N− Number of sheets with negative current density within Amperian Loop
f+ Fraction of sheets with positive current density within Amperian Loop
f− Fraction of sheets with negative current density within Amperian Loop
σ electrical conductivity of a plasma
η Electrical resistivity of a plasma, = 1/σ
ηS Spitzer resistivity (eq(21))
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sheets which arise from 2D MHD turbulence, the number of positive and negative current
sheets should be equal, and the expectation value of the current in an Amperian Loop would
be zero. The detection of net currents (via differential Faraday rotation) would then be
interpreted as a statistical fluctuation of the total current about the zero expectation value.
It is also possible that the physics of the corona selects current sheets with a certain sign
of the current density. This situation is referred to as that of “deterministic current sheets”,
and is discussed in Section 4.2. Within this model, I will assume that the properties of the
individual current sheets are essentially the same as in the turbulent model, but that there
is a preference for one sign of current density. It should be noted that the turbulent model
is based on analytic and numerical solutions of the equations of 2D magnetohydrodynamics,
whereas the static model seems plausible, but is ad-hoc.
4.1. Heating from Turbulent Current Sheets
I begin with the view that the current sheets arise as the evolution of 2D, or quasi-2D
MHD turbulence(Spangler 1999; Zank and Matthaeus 1992). In this case, the domain size
Λ may be plausibly identified with the outer scale of the turbulence. The Joule heating in
each current sheet E˙ is
E˙ = ηj2V = ηj2LctcZc (8)
where V is the volume of a single sheet, given by V = LctcZc. The Joule heating from all
the current sheets in the domain E˙ is then given by
E˙ = N E˙ = Nηj2LctcZc (9)
where N is the number of current sheets per domain. The mean volumetric heating rate in








where VD = Λ
2Λz is the volume of a domain. Using the fact that the current per sheet is










The question now arises as to how to relate the current in an individual current sheet,
I, with the total current Iobs within the Amperian Loop. The relation will depend on the
model for the current sheets. For the remainder of this section, I will adopt the turbulence
– 11 –
model, in which there are, on average, equal numbers of positive and negative current sheets,
and statistical fluctuations are responsible for Iobs 6= 0.
Let NT be the total number of current sheets within the Amperian Loop. We then















where A is the area of the Amperian Loop, l is the spacing between the lines of sight,
introduced in Section 1 and illustrated in Figure 1, and SLOS is the effective depth of the
coronal plasma. Equation (13) is for the simplest case, in which the Amperian Loop is
perpendicular to the large scale field. In the general case, a cosine of an orientation angle
would be introduced in the numerator. This detail is ignored in the present discussion.
Substitution of equations (12) and (13) into eq(11) yields the volumetric heating rate in










As a final approximation, I assume that the extension of the domain and that of the current
sheet along the large scale field direction are described by the same anisotropy index µ,
Λz = µΛ, Zc = µLc. This is a statement of the basic fact of quasi-2D magnetohydrodynamics
that structures are stretched out along the large scale, static magnetic field, and that this
anisotropy can be described by a parameter µ. Use of these relations gives us the basic
expression for the average volumetric heating rate due to turbulent current sheets in terms











This expression factors itself neatly into three terms, separated by brackets. The first is
determined by the resistivity in the plasma and the domain properties. The second deals
with the properties of the current sheets, specifically their thickness. The final collects
properties of the observations, such as the inferred total current and the parameters of the
lines of sight.
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4.2. Heating from Deterministic Current Sheets
In this section, I consider the possibility that the current sheets are not entirely random,
and that there may be some preference for one sign of the current density, probably deter-
mined by the polarity of the large-scale coronal field. We assume that the properties of the
individual current sheets can be described as previously, so that the equations of Section 4.1
up to, and including eq(11), are valid. However, in the present case, there will be a different
relationship between the total current Iobs and the current of an individual sheet, I. In the
case in which there is a preference for current sheets of one sign of the current density, we
can write
Iobs = (N+ −N−) I (16)
where N+ is the number of sheets with positive current within the Amperian Loop, and
N− is the number of sheets with negative current density. The individual sheet current I
is then taken as an absolute magnitude, with the sign of the current assumed in N+ and
N−. If we introduce probabilities that the current densities will be positive or negative by
N+ = f+NT , N− = f−NT , we have an expression for the current in a single current sheet,
I =
Iobs
NT (1− 2f−) (17)
The total current sheet number NT is the same as that defined in eq(13). Substitution of
eq(17) into (11), and simple algebraic manipulation gives the volumetric heating rate in the













where the expression has again been factored into terms which contain different characteris-
tics of the plasma, the current sheets, and the observations.
4.3. Comparison of the Expressions for the Heating Rate
The expressions for the volumetric heating rate in the two models of the current sheets,
eq(15) and eq(18), appear quite different in form, and it is natural to ask which is the larger
for realistic input parameters. In other words, given a measurement of Iobs, would greater
Joule heating result if the current were distributed in a random set of turbulent current
sheets as described in Section 4.1, or in a set of sheets with predominantly one sign of the
current density, as discussed in Section 4.2?
Let the heating rate expression for a turbulent set of current sheets as given in eq(15)
be noted by ǫT , and that due to a systematic set of sheets with predominantly one sign of
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If one assumes that the first term in square brackets on the right hand side of this equation
is of order unity, then the relative heating rate depends on the ratio of the domain area to
that of the Amperian Loop. The precise value of this ratio depends on the circumstances
of the observations, as well as the value of Λ. An estimate of its value in the case of the
2003 observations of 3C228 is given at the end of the next section. In what follows, I discuss
the case of turbulent current sheets, then briefly note that the conclusions would not be
significantly different for the deterministic case.
4.4. Estimate of the Turbulent Heating Rate
I now use equation (15) to estimate the coronal heating rate from turbulent cur-
rent sheets. The variables in the last term, which describe the observational situtation
(Iobs, l, SLOS), are known. The calculation requires estimates of η, Λ, and tc.
Resistivity For the resistivity η, the Spitzer resistivity is used, which is based on Coulomb
collisions of current-carrying electrons with ions and other electrons. It is certain to be a
drastic underestimate, in that the true resistivity is presumably determined by collisionless
processes. However, the Spitzer resistivity can be derived from fundamental principles, which
is not true of other estimates, and it can serve as a lower limit to the true resistivity.











In this equation, and equation (21) below, Λ stands for the Coulomb logarithm rather than
the domain size as used otherwise. The electron temperature is Te. All other terms in
equation (20) have been defined.
Equation (20) can be used to write the Spitzer resistivity in a “suitable for observers”
form as (Gurnett and Bhattacharjee 2005)







where the thermal energy kBTe is now given in electron volts. For approximate coronal
conditions I choose a value for the Coulomb logarithm of Λ = 25 (Krall and Trivelpiece
1973). With an assumed coronal temperature of 2 × 106 K, appropriate for closed-field
regions (electron thermal energy kBT = 172 eV in (21)), the resistivity is ηS = 5.74× 10−7
Ohm-m, or about 35 times the resistivity of silver.
Domain Size Λ I will take the domain size Λ to be the outer scale of the turbulence in
the relevant part of the corona. There are two estimates in the literature for this outer scale.
The first is the diameter of, or mean spacing between, flux tubes which expand into the
corona. This estimate was introduced by Hollweg et al (1982), and subsequently used by
Mancuso and Spangler (1999) and Cranmer and Ballegooijen (2005). The formula used by





where B(G) is the magnetic field strength in Gauss. For the magnetic field in the corona,
we use the recent estimate of Ingleby et al (2007) which was obtained from the same type
of observations used here. They found that the magnetic field could be represented by an
inverse square dependence on the heliocentric distance, with a normalizing value of ∼ 0.050
G at r = 5R⊙.
A second estimate of the outer scale of coronal turbulence comes from power spectra of
fluctuating Doppler shifts of a spacecraft transmitter (Wohlmuth et al 2001; Efimov et al
2004). These estimates, which actually result from measurements rather than plausibility
arguments, give outer scales from a few tenths of a solar radius to a solar radius or more
at heliocentric distances of 5 − 10R⊙. The values reported by Wohlmuth et al (2001) and
Efimov et al (2004) are several times larger than the value given by eq(22). A resolution of
this matter would warrant a paper in its own right, but for the present work we use eq(22).
As may be seen from the heating rate expression in eq(15), a lower limit on the outer scale
will result in an upper limit to the heating rate ǫ.




where VA is the Alfve´n speed, and Ωi is the proton ion cyclotron frequency.
This would seem to be both plausible and a good lower limit to what the current sheet
thickness can be. Once again, eq(15) shows that use of a minimum plausible value for
tc leads to an upper limit to the heating rate ǫ. To calculate the ion inertial length, the
plasma density profile given by eq(6) and the magnetic field function given by Ingleby et al
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(2007) (and described immediately above) are used. These yield the following formula for
the estimated current sheet thickness






Observational Parameters The observed parameters in eq(15) are contained in the term
in the third set of brackets. The observed current Iobs has been discussed in Section 3 and
given in Table 1. The separation of the lines of sight l is 33,000 km for the two hot spots of
3C228 observed in August, 2003. There remains the value for the effective thickness of the





where R0 is the dimensionless impact parameter. Equation (24) is exact for a line-of-sight
integration in which the integrand depends on heliocentric distance as r−4. In our case,
with the magnetic field assumed to be inverse square and the density given by (6), the
heliocentric distance dependence of the integrand is slightly steeper, resulting in a slightly
smaller coefficient than π
2
, but this is a small correction which is ignored for the calculations
which immediately follow.
Use of the above parameters with an impact parameter R0 = 6.7 which character-
ized the 3C228 observations of August 16, and adoption of the current detected in the
19h “event” of that day gives a heating rate ǫ = 1.27 × 10−16 Watts/m3. To determine
the significance of this number, I compare it to theoretical and observational values col-
lected by Cranmer and Ballegooijen (2005), and presented in Figure 16 of that paper.
Cranmer and Ballegooijen (2005) utilize cgs units, and report heating rates in power per
unit mass. Our volumetric heating rate given above is then 1.27× 10−15 ergs/cm3/sec, and
is converted to a heating rate/unit mass q
q = ǫ/ρ = 3.0× 104 ergs/sec/gm (25)
where I have again used eq(6) in obtaining the mass density at r = 6.7R⊙.
Examination of Figure 16 of Cranmer and Ballegooijen (2005) shows that the rates
required to account for significant heating in this part of the corona are ≥ 1010 ergs/sec/gm.
We therefore conclude that the heating rate given by eq(15) is lower than values which
are required to account for coronal heating by about 6 orders of magnitude, if the input
parameters described earlier in this section are valid. This huge mismatch means that
exercises with fine tuning the parameters in the model would be a fool’s errand. It should
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be noted that the ratio Λ
2
lSLOS
which appears in eq(19) is of the order of unity, within a factor
of several either larger or smaller depending on the assumed outer scale of the turbulence.
This conclusion on the magnitude of Joule heating would not be changed by adopting the
non-turbulent current sheet model of Section 4.2.
There are two possible conclusions to be drawn from the calculations of this section.
1. In view of the large disparity between the calculated Joule heating rate and that which
would be required for a significant contribution to the thermodynamics of the corona,
the currents which have been detected are irrelevant for coronal heating. This argument
would seem to be strengthened by the fact that I used the largest detected value of Iobs
from the two days of observation. Other intervals would have provided smaller values
for Iobs or upper limits thereto, yielding smaller values of ǫ.
2. A more likely explanation, in my opinion, is that these current systems do play an
important role in coronal heating, but that role is underestimated in the calculations
presented here, because they are based on the Spitzer resistivity. According to this
viewpoint, the analysis of Sections 4.1 and 4.2 is valid, but a correct calculation would
require an appropriate, and much larger value of the resistivity. This is clearly specula-
tion until it can be demonstrated that a much larger resistivity (by orders of magnitude)
characterizes the coronal plasma at 5R⊙ ≤ r ≤ 10R⊙, but this conclusion is similar to
others which have been reached in coronal physics.
5. Summary and Conclusions
1. I have pointed out that a type of polarization measurement (differential Faraday Ro-
tation measurements on an extended radio source) which can be done with the Very
Large Array can yield estimates of electrical currents in the solar corona. The technique
could, in principle, be done with some other radio telescopes as well. This technique
is an astronomical adaptation of a diagnostic used in fusion plasmas, and described by
Brower et al (2002) and Ding et al (2003).
2. The technique has been applied to observations of the radio source 3C228 which were
made on two days in August 2003, when the radio source was viewed through the corona
at “impact parameters” of 6.7 and 5.2R⊙. Detectable differential Faraday rotation
was detected in relatively brief “events” on both days, yielding estimated currents of
2.5 × 109 and 2.3 × 108 Amperes, respectively. Another interval of high quality data
on one of the days yielded an upper limit to the differential Faraday rotation, and a
corresponding upper limit to the current of 8× 108 Amperes.
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3. Two models are developed to calculate the Joule heating associated with current sheets
which could be responsible for the observed currents. The first models the sheets as
arising in the evolution of quasi-2D magnetohydrodynamic turbulence. The other as-
sumes that current sheets will arise in the coronal plasma, and could show a preference
for one sign of the current density. These derivations are given in Sections 4.1 and 4.2,
and provide the formulas for the volumetric heating rates given in equations (15) and
(18).
4. Use of these formulas, with observational data from the 3C228 observations and plausi-
ble independent coronal data, yield an estimated heating rate of 1.3×10−16 Watts/m3,
or, in cgs units, 1.3 × 10−15 ergs/cm3/sec. In terms of a heating rate per unit mass,
the corresponding value is 3.0 × 104 ergs/gm/sec. This appears to be about 6 orders
of magnitude smaller than the level necessary to be significant for coronal heating.
5. The conclusion to be drawn from point (4) is that either these currents are irrelevant
for coronal heating, or that the true resistivity in the corona exceeds the Spitzer value
by several orders of magnitude. Resolution of this matter obviously lies in a better
understanding of the resistivity in a collisionless plasma.
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Fig. 1.— Illustration of the measurement of coronal currents. Lines of sight through the
corona are represented by dotted lines, with the arrow indicating the direction in which
the integral is taken. The square shaded area represents the coronal plasma, with the
gray scale indicating the coronal current density. Positive current density is black, and
negative is white. (a) Illustrates the measurements of the Faraday rotation measure along
two closely-spaced lines of sight, yielding RMA and RMB. (b) Illustrates the differential
rotation measure ∆RM ≡ RMA − RMB. It is equivalent to the sum of RM1 and RM3. (c)
The differential Faraday rotation measurement is very nearly the same as the sum of the
four parts RM1 + RM2 + RM3 + RM4, since the “end pieces” RM2 and RM4 contribute
negligibly to the sum. The near-equality of the sum of the four segments and the differential
Faraday Rotation measurement means that ∆RM is essentially equal to the path integral
of n~B around the Amperian Loop shown in panel (c). The gray scale representation of the
coronal plasma is taken from Figure 6 of Spangler (1999).
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Fig. 2.— Differential Faraday Rotation data for August 16, 2003 (left panel) and August
18, 2003 (right panel). The measurements show the difference in the rotation measures to
the hot spots of the radio source 3C228, which are separated by 46 arcseconds (33,000 km
in the corona). The smaller number of measurements on August 18 is due to reduced data
quality prior to 20h UT, due to solar interference.
